0
People's Republic of China given to the animals from parturition onwards with an acclimation phase of 2 days. This latter diet is harder and prevents grinding of food (Cameron and Speakman, 2010) and thus allows 1 8 5
for most accurate food intake measurements while enabling the female to raise large litters.
8 6
However, we previously observed a slightly elevated litter loss rate when feeding on this diet
and hence did not use it in pregnancy. Daily food intake data when grinding was observed by 1 8 8
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 7 identifying pulverised pellet constituents during pregnancy primarily were removed from the 1 8 9
dataset. Equally, we removed data from one individual from the experimental group that 1 9 0 reduced litter size from 12 to 9 pups by eating them on day 9 of lactation. stress, measurements were suspended for 2 days around parturition. To reduce variation we 1 9 4
adjusted litter size at 12 ± 1 pups per female from day 4 of lactation. If natural litter size was 1 9 5
11, 12 or 13 we did not do any manipulation to keep the level of manipulation as low as possible. We did not observe any adverse effects on both female food and pup milk intake and growth due to the adjustment of litter size. We have shown previously that peak energy pregnancy litter size (Duah et al., 2013) . From day 3 of lactation onwards we measured female body weights, food intake (FI), pup 2 0 3 number and pup mass on a daily basis until weaning (day 18). In addition, we quantified daily
energy expenditure in the females between days 14 and 16 using the doubly labelled water 2 0 5
(DLW) method (Butler et al., 2004) . Briefly, mice were injected intraperitoneally with ~0.2 2 0 6 ml of doubly labelled water of known mass and characterized isotopic enrichment (c. 329000
ppm 18O, c. 186000 ppm 2H) on day 12 of lactation. The exact dose was quantified by 2 0 8
weighing the syringe to the nearest 0.0001g before and after administration. An initial blood 2 0 9
sample of 100ul was collected 1 hour after the injection via tail tipping and stored in glass
capillaries that were immediately flame-sealed with a blowtorch. The female was immediately 2 1 1 returned to her cage and litter. Forty-nine hours after the injection a second and final blood 2 1 2 sample was collected timed to minimize the effects of diurnal variation in activity (Speakman
and Racey, 1988). One blood sample of an additional mouse (that had no litter) and had not 18 O in the body water pools of the animals (Speakman and Racey, 1987 Method C).
1 6
Capillaries that contained the blood samples were vacuum distilled while water from the 2 1 7
resulting distillate was used to produce CO 2 and H 2 (Vaanholt et al., 2013 1997) as already successfully applied in lactation (Krol et al., 2003) .
We monitored body temperature and physical activity of the mice continuously with records 2 2 7
taken every minute for 23 hours per day from the onset of pregnancy to the end of lactation. Data on food intake, gross energy intake (GEI), average daily pup mass, daily energy expenditure (DEE) and body temperature were analysed with a repeated measures design as 2 5 0 data were sampled from the same individuals. These models, so-called linear mixed effect analysed in a separate data sheet with simple linear regression models ("lm" models) with experimental and the control group and thus was significantly higher in the experimental
females (F 1,13 = 10.7; p=0.006; Table 1 ).
Milk energy transfer and pup growth
Milk energy output (MEO) as assessed from the difference between MEI and DEE (measured higher in the experimental than in control females (F 1,13 = 6.65; p=0.03; Table 1 ). Further, as
we allowed litter size to vary between 12 ± 1 (see Methods), we identified an interaction
between experimental group and actual pup number (interaction: F 1,13 = 6.3; p=0.036) with the 3 0 7
experimental females having more milk production at a given number of pups. As can be seen
in Fig. 6 , pups in both groups rapidly increased their body mass, with pups from experimental 3 0 9 females weighing 6.2g ± 0.2 on day 10 and pups from controls weighing 5.8g
respectively. This difference was however not significant (F 1,12 =2.29; p=0.16 8.77 ± 1.9 respectively in the controls and were again not significantly different (F 1,13 =0.1;
p=0.8). Body temperature
Over the course of gestation, we observed similar body temperatures between the 3 1 7
experimental groups (partial for group: F 1,13 =0.4; p=0.5, Fig. 2C ). In addition, body
temperature during pregnancy was affected by body mass (partial for body mass:
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT between the two experimental groups if the data was restricted to the period of peak lactation
(F 1, 13 =0.03; p=0.87; Table 1 ).
Behavioural observations
Both the experimental and control animals spent about 60% of their time in the large and . Interestingly, we observed that bottle was located, but none of the experimental group did this. Over the course of lactation we observed that the most frequent activity exhibited was
suckling, which accounted for 55.6% of the experimental groups' time and 52.4% of the 3 3 7
control group. This difference was not significant (Z = 1.514; P = 0.1300; Fig. 3 ). Resting was 3 3 8 also found to be similar in both groups with the experimental group spending 14.5% of their 3 3 9
time and the control group 14.7%, which was also not significantly different (Z = 0.917; P = experimental and control group respectively (Fig. 3) . Grooming was the activity that the 3.8% of the control group.
4 8
Over the course of lactation, females increased the time spent in the small cage (day of 3 4 9
suggest that early in lactation, when pup demand might drive maternal milk production,
females might have chosen to stay with their pups but the later in lactation, it was more 3 9 9
important to rest away from the pups in the cold cage to dissipate more heat and enhance their leading to greater milk production, while pups may prefer it warmer where they grow more 4 0 8
efficiently.
0 9
Consistent with the animals attempting to maximise milk production, temporary exposure to lactating mice (Fig .2C ). These patterns in body temperature were also consistent with the One confusing aspect of our data was why there was no impact of the elevated milk 4 1 9 production in the experimental group (Table 1) on the trajectories of pup growth (Fig. 4) . This 4 2 0 might suggest that the pups were considerably less efficient at converting the milk into growth 4 2 1 when their mothers had access to the cold cage. The difference in milk export at peak 4 2 2 lactation was 56.8 kJ/day. Assuming this was sustained over the 8 days of peak lactation this a difference of 0.27g/pup with the observed variation was only 34%). However if the energy
was mostly delivered and stored as protein then the body size effect would be much greater,
and in the region of 2g, and the power to detect this magnitude of effect on growth was 4 3 2 >99.9%. Since we do not know the form in which the excess milk was delivered or stored we not.
3 5
One additional possibility is that because the experimental group pups occupied a much larger 4 3 6 cage than those in the control group they were more physically active and this elevated their 4 3 7 energy requirements making them less efficient at translating the extra milk into growth. We production was driven by the greater pup demands.
6
It seems most likely that some combination of effects was at play -i.e. we had low power to experiments that allow complete separation between the heat dissipation limit theory and the
pup demand idea will be difficult, but are an important future step in this field of research.
The conflicting observations on milk production and pup growth highlight the importance of unchanged, and hence that limits have not been altered. Pubs. International. Limits to sustained energy intake XX: Body temperature and physical activity of female mice
during lactation. J. Exp. Biol. 216 (in press). Zool. 75, 19-28. 556. cold-exposure during lactation in Mus musculus. J. Exp. Biol. 204, 1967 -1977 . Koteja, P. (1996) . Limits to the energy budget in a rodent, Peromyscus maniculatus:
The central limitation hypothesis. Physiol. Biochem. Zool. 69, 981-993. Król, E., Murphy, M. and Speakman, J. R. (2007) . Limits to sustained energy intake. X. and ambient temperature impact maternal energy intake and offspring development during Version 2.14.1 available at: http://www.R-project.org/. hispid cotton rat (Sigmodon hispidus). Physiol. Zool. 71, 312-320. 
